Silkworm cocoons have been dyed using acid dyes (C. I. Acid Orange 7 and C. I. Acid Orange 63) while retaining their shape under various conditions, and the dyeing properties have been investigated for developing a new fiber technology. Whereas the corner of the cocoon shell was thin and could be dyed in shorter time, the center of the cocoon shell was thick and needed more time. The penetration depth of the dye molecule into the cocoon increased with time, but the penetration speed was not constant: the penetration rapidly increased within 5 minutes, but afterwards gradually increased. This result is due to the structural differences among the shell layer portions. In addition, when the dye bath was at a lower pH, the penetration speed was slightly slower. Moreover, the C. I. Acid Orange 63 molecule penetrated more slowly than the C. I. Acid Orange 7 molecule. These results are probably attributed to the difference in the adsorption state of the dye molecule on the fiber.
Introduction
Silk is an only natural filament fiber with a soft feel and a natural glossy appearance and can be dyed a beautiful color. Silk has been a model for many chemical fibers for a long time. Recently "bio-based polymers" have attracted much interest from the viewpoint of developing carbon-neutral and sustainable materials [1, 2] . Silk is a "bio-based polymer" literally, so the silk industry will be a good model for new "chemo-biological processes". However, the situation of the silk industry in Japan has been critical in recent years. According to a report [3] , the Japanese silk industry that had prospered for a long time has fallen into decline and is threatened with extinction. For the transmission of silk culture, it is necessary that the research and development of a silk product that has an unprecedented new value be promoted.
Various studies have been conducted on the dyeing properties of silk fabrics and yarn [4−9] . Various kinds of dye are used for silk dyeing, and it is well-known that their properties are quite different from each other. In contrast, to our knowledge, very little technological and scientific study has been currently available on the silk dyeing at the cocoon stage. When an ordinary dyeing technique is applied to a cocoon, only the surface of the cocoon can be dyed because the dye molecule does not penetrate into the cocoon. That is why silkworm cocoon dyeing has not been actually performed. If dyeing at the cocoon stage can be controlled, silk yarn can be made with new complicated colors by reeling different-colored cocoons together, for example. In a related work [10] , we have conducted silkworm cocoon dyeing using a reactive dye and have unraveled the dyeing properties depending on dyeing temperature, dyeing time and concentration of surfactant in the dye bath. In order to extend the technique of cocoon dyeing, it is important to clarify the dyeing characteristics of the cocoon using various kinds of dye.
In this study, we have studied silkworm cocoon dyeing using an acid dye. Acid dyes are frequently used to dye silk fabrics or yarn, and the properties have been investigated extensively. It is very interesting to compare the properties of cocoon dyeing to that of ordinary fabric or yarn dyeing. The aim of this study is thus to elucidate the dyeing properties of cocoons using an acid dye under various conditions. In addition, we have examined the difference in dyeing property depending on the part of the cocoon.
Experimental
Fresh cocoons that were raised with mulberry leaves in all the instars at Shiono-ya were used. C. I. Acid Orange 7 (molecular weight = 350) and C. I. Acid Orange 63 (molecular weight = 833), which were recrystallized twice with water-ethanol, were used. A beaker which was on a hot plate was used as dye bath. The temperature and stirring during the dyeing were controlled with an ADVANTEC SRS710HA hot plate stirrer. Distilled water was used.
In this experiment, the common conditions of the dye bath were as follows; dye, 5 % o.w.f.; sodium dodecyl sulfate (SDS), 5 g / L; liquor ratio, 100:1; temperature, 313 K. SDS was added because it allows the dye molecules to penetrate into the cocoon. The pH of the dye bath was adjusted to 2 or 8 by a Sorensen's buffer solution as described [11] .
First the cocoons were dipped into an aqueous solution of 5 g / L SDS at 313 K for about one hour in order to allow the cocoons to completely soak. Four cocoons were then dipped into the dye bath at the same time. After 5 minutes, one cocoon was picked up and the rest continued to be dyed. After 10, 30 and 60 minutes, each cocoon was picked up in the same way.
After the dyeing, the cocoons were rinsed with distilled water and dried at 373 K with a dryer. The reflectance of the surface of the cocoons was then measured to obtain the CIE1976 L * color coordinates by a Konica Minolta CM3600d Spectrophotometer. Each cocoon was then cut in half at the center with a cutter, and four areas of sectional micrographs of each cocoon were photographed with an OLYMPUS SZ60 stereo microscope. The state of the dyeing was evaluated by the depth of penetration of the dye molecules into the shell through the surface to the interior. Four places of penetration depth were measured from each micrograph, and the mean was assumed to be the result. In addition, the difference in dyeing property depending on the part of the cocoon was observed by cutting several cocoons across the longitudinal axis. Figure 1 shows the time dependence of the L * values of the surface of the cocoon dyed with Orange 7. In the case of pH 8, the L * value gradually decreased with time, which means that the dyeing of the surface advanced slowly. In the case of pH 2, however, the L * value was small even at 5 minutes and showed less time dependence. In contrast, the L * values of the surface of the cocoon dyed with Orange 63, shown in Fig. 2 , have not changed much after 5 minutes at both pHs, though the absolute values were higher. These trends well coincide with those of silk fabric dyeing [12, 13] . They relate to the ionic interaction and the interaction by van der Waals forces. The sectional micrographs of cocoons dyed with Orange 7 at pH 2 for 5 minutes after cutting across the longitudinal axis are shown in Figs. 3 and 4. They show that the shell was thick in the center section and became thinner near the corner. Under this experimental condition, the dye molecule penetrated almost to the inside at the corner and up to about half of the thickness of the shell in the center. The following discussion will be focused on the center part of the shell. Figure 5 shows the time dependence of the penetration depth of the dye molecule into the interior of the cocoon dyed with Orange 7. Here the penetration depth is normalized by the ratio of each shell width. Under both pH conditions, the penetration depth increased with time, and the cocoon shell was almost completely dyed at 60 minutes. However, the penetration speed was not constant. The penetration of the dye molecule rapidly increased within 5 minutes, but afterwards only gradually increased. Fig. 6 and 7 are sectional micrographs of the cocoons at pH 2 for 5 and 60 minutes, respectively. This result is due to the structural differences among the shell layer portions. As described in the related paper [10] , the degree of crystallinity of silk fiber at the inner portion of shell is higher than that of the outer one, so that the dye molecule easily penetrates into the outer shell, but needs more time to penetrate into the inner shell. In addition, when the dye bath was at lower pH, the penetration speed was slightly slower at over 30 minutes. This is probably attributed to the difference in the adsorption ability between the pH values. As shown in Fig. 1 , the adsorption of the dye molecule on the fiber is promoted at lower pH. The adsorption probably causes a slower penetration speed at lower pH.
Result and discussion
The relative penetration depth of Orange 63 is plotted against time in Fig. 8 . The trend was the same for Orange 7. However, the Orange 63 molecule penetrated more slowly than the Orange 7 molecule. This result also may be attributed to the difference in adsorption strength of the dye molecule on the fiber. Larger molecular weight induces strong adsorption due to van der Waals forces, so that the penetration speed is slower.
We have studied the cocoon dyeing with acid dyes and clarified the dependence of the parts of the cocoon shell, dyeing time, pH, and molecular weight. We think that these properties would provide a basis for a new fiber processing. At present, the distribution of the dye molecule on sericin / fibroin is not clear. We plan to make silk yarn from dyed cocoons and to analyze the distribution and the dyeing fastness.
Conclusion
We have investigated the dyeing properties of silkworm cocoons using acid dyes under various conditions. The corner of the cocoon shell was thin and could be dyed in a shorter time. On the contrary, the center of the cocoon shell was thick and needed more time to be dyed. The penetration depth of the dye molecule into the interior of the cocoon increased with time, but the penetration speed was not constant. The penetration of the dye molecule rapidly increased within 5 minutes, but afterwards only gradually increased. This result is due to the structural differences among the shell layer portions. In addition, when the dye bath was at lower pH, the penetration speed was slightly slower. Moreover, the Orange 63 molecule penetrated more slowly than the Orange 7 molecule. These results are probably attributed to the difference in the adsorption state of the dye molecule onto the fiber. We think that this technology has a potential application to new fiber processing and can facilitate the production of goods with added value.
